Abstract-Atrial fibrillation (AF) can result in life-threatening arrhythmia, and a clinically convenient means for detecting vulnerability remains elusive. We investigated atrial vulnerability by analyzing the sinus electrogram (EG) from AF animal models using a phase synchronization method. Using acetylcholine (ACh)-induced acute canine AF models (n = 4), a total of 128 electrical leads were attached to the surface of the anterior and posterior atria, and the pulmonary veins to form an electrocardiological mapping system. ACh was injected at varying concentrations with ladder-type adjustments. Sinus EGs and induced AF EGs that pertain to specific ACh concentrations were recorded. We hypothesize that the atrial vulnerability may be correlated with the Shannon entropy (SE) of the phase difference matrix that is extracted from the sinus EG. Our research suggests that the combination of SE with the synchronization method enables the sinus node EG to be analyzed and used to estimate atrial vulnerability.
Investigation of Atrial Vulnerability by Analysis ofet al. [9] reported the utility of delayed-enhancement magnetic resonance imaging (DE-MRI) in detecting abnormal atrial tissue before radiofrequency ablation and in predicting procedural outcome.
The sinus electrogram (EG) has been used previously to evaluate ischemia [10] and to predict ischemic recoverability [11] . However, recently there have been many studies using the sinus EG to analyze the mechanisms of AF. Kneller et al. [12] and Nattel et al. [13] analyzed AF maintenance through the action potential (AP) and effective refractory period (ERP) values induced by acetylcholine (ACh), using a patch clamp and computer model. Shivkumar et al. [14] concluded that parasympathetic activation during AF ablation is associated with the presence of a preablation high-amplitude fractionated EG in sinus rhythm via a waveform identification method. In our study, we aim to analyze the atrial vulnerability through the sinus EG of a canine AF model.
It is well known that the myocardium usually operates in rhythm with the sinus node. We can adopt a simplified view that the EGs of the normal myocardium are linearly controlled by the EG of the sinus node mostly. When AF is in progress, the EG of the heart system becomes more disordered and random. We hypothesize that the atrium operates with the sinus node almost synchronously under a sinus rhythm and almost asynchronously before AF. In order to estimate synchronization in sinus EGs, we adopted entropic analysis and synchronization methods [15] , [16] that are applied to a multielectrode ECG mapping system in order to obtain a full view of the disordered patterns resulting from the heterogeneous tissue.
First, acute canine AF models that are similar to those by Nishida et al. [1] are prepared. Ladder-type ACh concentrations are applied for controlling the degree of AF vulnerability. Additionally, anatomical modeling, which is based on the technique of medical image reconstruction during AF assessment [17] , can be performed for electrocardiological map presentation and analysis.
II. METHODS

A. Experimental Procedures
Animal studies were approved by the Animal Ethics and Experimentation Committee of the Nanjing University, Nanjing, China. The experiments were performed in accordance with the Guide for the Care and Use of Laboratory Animals that is published by the National Institutes of Health (publication no. 85-23, revised in 1996). Canine mongrels with weight 14.2 ± 3.6 kg (n = 4) were injected with ACh. After thoracotomy and suspension of the capsula cordis, the heart was exposed for placement of an electrocardiological mapping system [see Fig. 1 (a) and (b)]. Electrodes were placed around the aortic root, which served as an electrical reference ground. We also registered right ventricular signals via a reference electrode. Two pairs of stimulating electrodes were placed on the right atrium and the interface between the superior vena cava and the right atrium [see Fig. 1 (c) and (d)]. Pairs of stimulating electrodes, with leads separated by a distance of approximately 0.5 cm, were connected to a program stimulator. Eight patches comprising 128 electrodes in total were sutured onto the surface of the anterior and posterior left atrium and right atrium, and pulmonary veins (PVs) [see Fig. 1(d) ]. Unipolar electrodes, 1.2 mm in diameter and ∼3.5 mm to 5.0 mm apart, were carefully arranged in these flexible patches to match the size of the canine atrium in a surgical setting. Four flexible patches were rolled and placed around the PV sleeves. All 128 electrodes were connected to the FDEMS-2 128-channel epicardial mapping system [18] that was developed at the Instrumentation Laboratory, Fudan University, Shanghai, China. Reconstructed CT images show the mapped atrial region for one canine heart in Fig. 1(b) and (c).
A vein catheter was connected with a micropump that continuously injected 2 g/L of ACh solution at a rate of 10 μg·kg −1 ·min −1 . Before stimulus, we recorded the EG mapping signals for 3 min. To induce AF, a burst-pacing stimulus at frequency of 20 Hz, pulse width of 2 ms, and duration of 5 s was transmitted to the stimulating electrodes. The voltage of the burst waves was twice that of the pacing threshold. The burst waves were repeated five times and the induced AF occurrence times and durations were recorded. According to the AF times and durations, the ACh concentration was increased stepwise and the stimulation and recording were repeated until a maximum AF condition was achieved. A maximum AF condition was defined to be when >3 min duration of AF could be obtained each time by five programmed burst stimulations. The potential AF duration of sinus EG was then labeled by its corresponding ACh concentration. As AF is induced by electrical stimulation, the complex AF initialization is not included in the data analysis. So, only the induced AF duration that is due to the affect of ACh serves as an indicator of atrial vulnerability.
B. Signal Acquisition
At the beginning of every experiment, we ensured that the ACh was injected into the body for more than 3 min in order for the heart to become accustomed to its chemical effect. Then, we measured the sinus EG for another 3 min. We implemented a ladder-type variation of ACh concentrations to induce AF after electrical activation of the heart. Every heart model experiences ACh concentration increments from zero to the peak, and then reverses back to zero again. Although the experiments on canine AF models can take up to 9 h, AF could still be induced until the end of the experiment. Up to 15 datasets of EGs based on varying ACh concentrations were acquired for each model. With the data of 128 electrode leads acquired simultaneously, each experiment generates up to 5 GB of information.
C. Signal Preprocessing
The EG mapping system consists of 128 isolated amplifier channels with adjustable gain and a fixed bandwidth (3-500 Hz). The 16-bit digital values were sampled at 2 kHz. The data included 127 atrial signals and a ventricular signal as a reference. Due to the higher voltage for the ventricular waves and the intense periodicity of sinus EGs, the influence of heart rate and disturbance of ventricular waves were removed by applying a preprocessing stage across all signals. Through the ventricular reference electrode, R peak locations were detected using a wavelet transform, and the mean heart rate and its standard deviation (STD) were obtained. Rectangular windows of 350 points (175 ms) in duration were applied between 195 and 20 ms in advance of the R peaks. The preprocessed signals of the same signal length included an equal cardiac cycle without the disturbance of ventricular waves and heart rate [see Fig. 2 A proportion of the signals had low signal-to-noise ratio (SNR), which were typically due to poor electrical contact with the atrial tissue. In addition, the size of the canine hearts made ) were filtered by a zero-phase FIR filter (3-60 Hz). We applied the Hilbert transform to obtain the phase θ j (t) of N.52 (c) and θ s (t) of N.11 (d). After unwrapping the θ signals, we performed further signal processing to obtain the phase difference ϕ j (t) (e). Finally, the symbolic method was applied and the symbolic ϕ j (t) was obtained as S(ϕ j (t)).
it difficult to set up the electrode patches. Only signals with a similar heart rate as that of the ventricular reference signals were selected.
D. Dominant Frequency (DF) Map of AF EG
The DF is defined as the frequency of the dominant peak in the power spectrum [6] , [7] , [19] , [20] , and computed for each electrode signal using a fast Fourier transform with a rectangular window size of 10 s in order to provide a frequency resolution of 0.1 Hz. The spectrogram can be used to represent each signal in the time-frequency domain [6] . To control the ambiguity in DF detection that is related to low SNR, the regularity index (RI) [7] was determined. Only points with RI > 0.2 were included in the subsequent analysis.
E. Time Delay Difference Map of Sinus EG
In order to examine the effect of ACh, atrial epicardial activation times were calculated using the steepest negative intrinsic deflection of each epicardial EG during the activation complex (i.e., minimum dV/dt). The mean time delay of activation waves passing from the sinus node to other electrodes was then determined. The conduction velocity is inversely proportional to the time delay. A time delay difference map was obtained by subtracting the time delay map of optimal and zero ACh concentrations. Positive values in the time delay difference imply that their conduction velocities are slowed down.
F. Signal Analysis
Our basic approach is derived from the phase synchronization method [15] , [16] , which we then apply to evaluate synchronized atrial excitation. In addition, we use Shannon entropy (SE) [21] to assess the randomness of atrial synchronization.
We assume that the EG at the sinus node is periodically controlled by this node. As such, periodic analysis of the atrial activity was implemented. First, the voltage matrix V, which represents the voltage time series of all the electrodes, is constructed by the number of atrial electrodes and data length of time N (40 000 points). The phase matrix θ is obtained by applying a Hilbert transform [22] , [23] to each row of the V matrix (see Fig. 2 ). The phase difference matrix [ϕ(t)] (1 ≤ t ≤ N) is constructed by θ j (t) [see Fig. 2(c) ] or each row of θ minus θ s (t) [s = 11 in Fig. 2(d) ] for the electrode near the sinus node [see Fig. 2 
The SE of the phase difference matrix [21] , [23] , which is given by [ϕ(t)], can then be determined.
We let the phase difference matrix [ϕ(t)] represent a time vector series length of N points. Each vector ϕ(t) is composed of a normalized phase difference that pertains to every electrode at the same time
Then, we performed the Piecewise Aggregate Approximation (PAA) [24] symbolic method and transform ϕ j (t) to S(ϕ j (t)), in order to reduce the computation time where
Due to the 2π period of the phase space, phase values near zero and 2π were transformed to the symbol "0." The remaining phase values were equally separated and transformed to symbols "1" and "2." Through the symbolic method of (1), the matrix [ϕ(t)] is transformed to S(ϕ j (t)) = [S(ϕ 1 (t)), . . . , S(ϕ 128 (t))] [see Fig. 2(e) ]. The SE of the symbolic phase difference matrix [ϕ(t)] is calculated as follows [21] :
Here, the SE reflects the disorder in the sequence represented by the vector ϕ(t). We hypothesize that the phase difference matrix ϕ contains information on the synchronous mode of the atrial electrical activity. Then, the SE of the matrix [ϕ(t)] was used to evaluate the uncertainty in synchronization or the randomness in the atrial synchronization [25] . The dimensions of ϕ are the number of atrial electrodes and the data length N (40 000 points).
III. RESULTS
A. Statistical Analysis
The maximum ACh concentration was defined to be that for which AF with duration >3 min could be induced at least Table I presents the different states of ACh concentration and the statistics of their corresponding sinus EG, which includes the heart rate's mean and STD values.
B. Duration of Induced AF and Heart Rate
The induced AF duration versus ACh graphs (see Fig. 3 ) are based on ACh that was injected at varying concentrations with ladder-type adjustments. The results show that the AF duration is influenced by the ACh concentration. The AF duration curves possess greater fluctuations during the ACh increment process than the ACh decrement process. Upon reaching the maximum ACh concentration together with an optimal AF duration, we increased the ACh concentration and observed the resulting irregular AF maintenance (see Fig. 3(c) ]. The mean and STD values that pertain to the heart rate are obtained via analysis of the sinus EG.
C. Electrochemical Mechanisms of AF Induced by ACh
Both the direct stimulation and application of ACh are reported to induce AF experimentally [6] , [13] . The method involves infusing the ACh ladder-type concentrations into the blood flowing toward the heart and then applying electrical stimulation at the tip of the right atrium to cause AF. The fibrillation was then maintained as long as sufficient concentration of ACh was infused since the single-cell AP duration, myocardial conduction velocity, and ERP are shortened due to the affect of ACh [12] . Fibrillation was observed in different experiments for periods up to 30 and 60 min. When the fibrillation stops, it can always be restarted by the same procedure. Thus, the fibrillation is not a transitory phenomenon. The fibrillation must therefore be a manifestation of ACh action on the heart. The DF map and time delay difference map of canine model No.1 during the optimal ACh concentration (80 μg·kg −1 ·min −1 ) are shown in Fig. 4 . Time delay difference maps are present in between the optimal and the zero ACh concentrations.
D. SE Maps
We now analyze the sinus EG data and compare it against ACh concentrations and different AF durations. Note that the cutoff frequency and the number of electrodes μ should be determined in advance.
1) Based on the adjustment of the cutoff frequency that pertains to the zero-phase low-pass filter, we analyze the frequencies of the EG signals and their influence on the results in Fig. 5(a) . The SE values increase with the bandwidth of the sinus EG, which accords with expected information theory [26] . The parameter μ is fixed to 90. When the cutoff frequency reaches 20 Hz, the result is improved without changing the waveforms for the best contrast. This means the ACh effect mainly exists at low frequency, which is consistent with the shortened AP of a single cell by the ACh effect [12] . 2) As μ was adjusted, the vector size of the phase difference matrix ϕ(t) changed accordingly. The cutoff frequency is fixed at 20 Hz. After low SNR channels were removed from the dataset, we calculated the maximum values C max of the cross-correlation sequence that pertain to sinus EG between any electrode and the sinus node. We selected the first μ number of electrodes whose mean values of C max were ranked in increasing magnitude. The SE and AF duration versus the ACh curves are shown in Fig. 5(b) with different μ. The SE values increase gradually with μ when the cutoff frequency is fixed. This result indicates that (A) the atrial sites, where the EG is dissimilar to the sinus node EG, contribute more to the atrial synchronization, and (B) μ should be fixed for contrasting the atrial synchronization. Since μ obviously affects the SE values, we calculated the mean SE values with respect to μ changing from 10 to 90 instead of a fixed number. The AF duration and SE values are fitted by a Gaussian function. Fig. 6(a)-(d) shows all the canine AF models. The fitted curves show that the ACh increment process increases the AF duration and SE; the decremented ACh process illustrates that the SE decreases with the AF duration. Note that for some ACh concentrations, the SE values are unstable in Fig. 6(c) , which is possibly caused by the fluctuations of AF duration if the ACh concentration continues to increase after the AF duration reaching the maximum. This may also indicate that AF is a complex process that is driven by multiple features.
IV. DISCUSSION
A. ACh Effect on the Acute Animal Model
Kneller et al. [12] reported that vagal actions were observed based on patch-clamp studies using an island of ACh. In the control experiments by Kneller et al. [12] and Nattel et al. [13] , a single extra stimulus resulted in a highly meandering unstable spiral wave, with DF 6.5 Hz, whereas ACh accelerated the DF The DF and time delay dispersion are found to be heterogeneous. The highest DF on anterior right atrium (ARA) and posterior right atrium (PRA) is about 18 Hz (see Fig. 4 ) due to the high ACh concentration injected in the vein [7] , [12] . There are sites with low DF (near zero), because the RI [7] is below the threshold in these sites. It is found that ACh influences ion channels such as the G protein-gated potassium channels, and reduces the excitation ability of the cardiac cells [27] . The delay difference map between the optimal and zero ACh concentrations was calculated [see Fig. 4(b) ]. It shows a change in the mean time delay of activation waves, which is passed from the sinus node to the electrodes. The larger time delay difference 
B. SE With Synchronization Method
The synchronization method was designed to give a view of the heterogeneous tissue response (synchronization of EG) based on different atrial vulnerability. The entropic analysis is capable of dimensionality reduction in the large EG phase difference database. Theoretically, with the SE, we could fully map the atrial synchronization if the system can map all of the atrium.
We hypothesize that the whole atrium operates with the sinus node almost in synchrony with the sinus rhythm and almost asynchronously before AF. Since the randomness of atrial synchronization (given by the SE) is inversely proportional to the synchronization, the synchronization behavior of the whole atrium working with the sinus node decreases when AF is developing and increases when AF is disappearing. The tendency for randomness in atrial synchronization, during sinus EG, may represent the atrial vulnerability. Our results examined this hypothesis and strongly suggested that there is correlation between atrial synchronization behavior and vulnerability.
By inspection of Fig. 6 , it appears that the subjects can be ranked by their responsiveness to the ACh perturbation, with During the sinus EG, the atria synchronize with the sinus node. The synchronization behavior in the sinus EG gives an insight on how the sinus node generates impulses and passes along the heterogeneous substrate, considering that AF only occurs for certain heterogeneity conditions [12] and cholinergic effects are heterogeneously distributed in vivo [28] . We suggest that the SE with the synchronization method reveals the disorder in the activation phase vectors or rather the disorder of the heterogeneous atrial tissue response [28] . Hence, our method may possibly be applicable to different AF models such as chronic AF models. An AF model can be distinguished by the weak and random synchronization between sinus node and atria during sinus EG recordings. A normal heart tends to show a more regular impulse propagation that pertains to the atria.
C. Effect of Parameters on SE of Sinus EG
We implemented the SE and AF duration curves based on Gaussian curve fitting (see Fig. 6 ) in order to demonstrate their correlation and reduce signal fluctuations. In most of our case studies, the SE variation is observed to possess moderate fluctuations. The bandwidth of sinus EG, the electrode number, and selection method of electrode will also affect SE values. Due to the difference of individual hearts, the fluctuations of SE cannot be eliminated and the contrast between individuals may have no statistical significance.
D. Comparison With Experimental Studies of Vagal AF
Acute AF models using ACh were developed about 60 years ago. For instance, Burn et al. [29] reported the effect of ACh in the heart lung preparation including AF, and recently, Sanders et al. [7] induced the AF in an isolated sheep heart. The AF effects without ladder-type ACh concentration variations were performed in the same way in these articles. Kneller et al. [12] analyzed the AF maintenance induced by increasing ACh concentrations through different ways including, for example, the AP using patch clamp and computer model. The APD versus ACh curve decreases exponentially with ACh increment. In this study, we used both an increment and a decrement procedure.
Many methods have been developed or applied using the ACh model of AF, such as DF, AP, and ERP [6] , [7] , [19] . Some methods such as the DF method are only suitable for AF signals, whereas others such as ERP can only be performed with catheter measurements and are difficult to apply to the whole atrium. SE together with the synchronization method is developed and adopted in this paper for the first time. The synchronization method was used to examine the atrial synchronization behavior. The entropy analysis reduces the redundant information caused by multichannel signal processing. The entropy analysis method and the synchronization method applied to the multielectrode ECG mapping system can give a clear view of disorder resulting from a heterogeneous tissue response.
E. Novel Findings
The acute canine AF models are developed based on laddertype concentration variations of ACh for controlling the degree of AF vulnerability. This model can modulate the induced AF duration easily and repeatedly. The SE with a synchronization method is applied for the first time to epicardial signals and represents a new way for analyzing AF via sinus EGs. The results demonstrate that atrial vulnerability can be monitored via the SE based on sinus EGs. It is possible to qualitatively estimate the atrial vulnerability via the atrial synchronization ability of the sinus EGs. In future, this method has the potential for postablation evaluation by a noninvasive ECG system with sufficient spatial resolution. Our method is designed to evaluate the synchronization ability of the atrium, and estimates the disorder in the heterogeneous atrial tissue response. It may be possible to investigate these common properties of AF using the synchronization method for the other models that pertain to different AF factors such as fibrosis, age, mutation, etc. More importantly, our study suggests that there is correlation between the atrial synchronization behavior and the atrial vulnerability.
F. Limitations of the Study
In addition to the ACh concentration, factors that affect the relationship of induced AF duration and SE values are the following: 1) electrical stimulation, which at the beginning of our experiment, will cause a significant change of SE value before and after the electrical stimulation even without ACh ejection; 2) ischemia, which is the main problem encountered in most animal experiments, will distort the results irreversibly and cause obvious reduction of the SE values; 3) drugs, such as anesthetics affecting heart rate, should be carefully used because of the uncertain influence on the affect of ACh; and 4) positive inotropic effects, which usually occur after the ACh stimulus is reduced rapidly, may cause some hysteresis in the SE curves (see Fig. 5 ). Without the interference of these factors, ACh concentrations are expected to modulate the induced AF duration and SE values.
Several limitations of our experiment exist. First, the study presented here was carried out in animal models representing acute AF. Second, our model is essentially a model of cholinergic AF. As such, the relevance of these data to human AF remains to be determined. Finally, the number of bipolar electrodes used in this study may not generate a sufficiently high volume of data for precise analysis.
V. CONCLUSION
We exploit the SE of the phase difference matrix from sinus EG via the influence of ladder-type ACh increments or decrements, and conclude that any random trend-indicated by the SE-pertains to atrial synchronization in the sinus EG and can qualitatively estimate the atrial vulnerability. Our scientific contribution is the potential elucidation of the basis of AF and predicting the atrial vulnerability using EGs. 
